The brain has high potential for generation of ROS since it consumes much more oxygen than other organs and contains a high content of free-radicals susceptible to poly-unsaturated fatty acids in the neuronal membrane[@b1]. Although essential to metabolic activity in organisms, ROS induces cellular apoptosis and necrosis via a variety of mechanisms[@b2] and participates in neurodegenerative diseases including ischemic stroke[@b1]. Especially, stroke is a major cause of death and disability due to short of definite treatment methods[@b3]. Ischemic stroke, which accounts for 85% of stroke patients, occurs primarily as a result of occlusion of small blood vessels, venous thrombosis and embolism[@b4][@b5]. The use of thrombolytic agents is the only method currently available for treatment to date, irrespective of its severe secondary damages to the ischemic brain. Abrupt blood reperfusion following dissolution of blood clot not only generates ROS radicals that lead to cytotoxic and inflammatory damages to tissues and cells[@b6]. For these reasons, inhibition of ROS generation and promotion of ROS degradation has been suggested as a target for treatment of ischemic stroke. To date, neurons have mainly been studied as targets of drug development for the treatment of ischemic stroke[@b6], but astrocyte activity and recovery are also important target for ischemic stroke since astrocytes occupy the highest portion of brain tissue and help neuroprotection and repair, irrespective of their glial scar formation known to prohibit axonal regeneration[@b7][@b8][@b9]. Moreover, in most brain disorders, excessive ROS causes astrocytes to lose their neuroprotective function and inflict further injury[@b10][@b11].

Some natural antioxidants have been investigated for their ability to prevent oxidative damage to astrocytes[@b10][@b12]. For example, *Spirulina*, a well-known marine cyanobacterium with neuroprotective activity[@b13], contains C-Pc that exerts powerful anti-oxidative effects scavenging peroxyl, alkoxyl and hydroxyl radicals[@b14][@b15][@b16]. C-Pc also has anti-inflammatory, anti-microbial, neuroprotective and hepatoprotective effects[@b16][@b17][@b18], which are closely associated with antioxidant effects because most pathological features are accompanied by the generation of ROS radicals[@b19][@b20]. Therefore, antioxidant effects together with other effects of C-Pc may be an important virtue of medicine. Although the effects of C-Pc on damaged neurons have been investigated[@b21], the mechanism by which it exerts antioxidant activity through astrocytes has not yet to be elucidated. Additionally, many types of cells and astrocytes have been reported to show specific features depending on the surface topography[@b22][@b23]. To accurately evaluate its efficiency, C-Pc should be tested on an injury model system that mimics the *in vivo* environment to ensure the specific characteristics of cells.

In this study, we first verified whether intranasal administration of C-Pc leads to reduced infarct size and improved behavioral deficits of MCAO rat. To understand how C-Pc affects oxidized astrocytes to help the neuroprotection and repair of ischemic rats, the anti-oxidative mechanism of C-Pc through primary astrocytes occurs was elucidated by cellular, enzymatic and molecular analyses as well as based on inflammatory, and neurotrophic factors. More importantly, we first established a 3D oxidative model of astrocyte tissue and confirmed the anti-oxidative mechanism by comparison with a 2D oxidative model.

Results
=======

Verification of the efficacy of intranasal administration of C-Pc for neuroprotection in the post-ischemic brain
----------------------------------------------------------------------------------------------------------------

To investigate the neuroprotective effects of C-Pc in the post-ischemic brain, C-Pc (67, 134, or 335 μg/kg) was administered intranasally at 1 h post-MCAO and infarct volumes were assessed 2 days post-MCAO ([Fig. 1a](#f1){ref-type="fig"}). Mean infarct volumes were reduced to 56.4 ± 7.1% (n = 6, p \< 0.01), 49.5 ± 7.0% (n = 6, p \< 0.01), and 50.6 ± 2.1% (n = 7, p \< 0.01) of that of the untreated control (MCAO), respectively ([Fig. 1c,d](#f1){ref-type="fig"}), demonstrating a robust neuroprotective effect of C-Pc. The administration of 134 μg/kg C-Pc at 3 h prior to or 1, 3, 6, or 9 h post-MCAO ([Fig. 1b](#f1){ref-type="fig"}) also reduced mean infarct volumes to 36.3 ± 11.2% (n = 5, p \< 0.01), 35.8 ± 5.1% (n = 6, p \< 0.01), 44.7 ± 9.5% (n = 6, p \< 0.01), 56.3 ± 7.0% (n = 7, p \< 0.01), and 72.5 ± 3.1% (n = 5, p \< 0.05) of that of the untreated control, respectively ([Fig. 1f,g](#f1){ref-type="fig"}). Furthermore, reductions in the mean modified neurological severity score (mNSS) were observed in all C-Pc-treated animals ([Fig. 1e,h](#f1){ref-type="fig"}). Together, these results demonstrated that C-Pc has a robust neuroprotective effect in the post-ischemic brain at all the time points containing 3 h golden time for thrombolysis in the case of human patients. Physiological parameters, namely, pH, PaO~2~, PaCO~2~, and blood glucose, were similar in C-Pc treated and untreated animal groups ([Supplementary Table 2](#S1){ref-type="supplementary-material"}).

Verification of safety and neuroprotective function of C-Pc in N-astrocytes
---------------------------------------------------------------------------

To confirm the effects of C-Pc on normal astrocytes which are not treated with extrinsic cues (N-astrocytes), several assays were conducted according to the schedule shown in [Fig. 2a](#f2){ref-type="fig"}. C-Pc increased the viability and proliferation of N-astrocytes, regardless of its concentration and treatment time ([Fig. 2b,c](#f2){ref-type="fig"}). However, viability did not increase following treatment with C-Pc for 1 day since that length of time was not sufficient for the cells to divide; nevertheless, it was able to trigger self-renewal of cells via DNA synthesis. The viability and proliferation of C-Pc treated astrocytes (C-astrocytes) (100 and 300 ng/ml of C-Pc) increased obviously at day 2 relative to other concentrations of C-Pc and other days. Intermediate proteins, GFAP and vimentin were examined to evaluate the astrocytes activity when C-Pc increased the viability of N-astrocytes ([Fig. 2d](#f2){ref-type="fig"}). Both proteins are usually analyzed to assess the status of astrocyte activation[@b24]. As shown in [Fig. 2d](#f2){ref-type="fig"}, treatment with C-Pc at 100 ng/ml for 3 days induced the highest expression of GFAP and vimentin, but these values were gradually down-regulated as C-Pc concentration increased. Cultured C-astrocytes were observed by confocal microscope to confirm the adhesion region of C-Pc ([Fig. 2e](#f2){ref-type="fig"}). Although C-Pc was found in cultured astrocytes, it did not have any adverse effects on viability and proliferation. Overall, all of these results indicate that C-Pc treatment is not toxic to astrocytes and even gives a neuroprotective effect to N-astrocytes, indicating its potential use as a clinical agent.

Positive effects of C-Pc on the viability, proliferation, and anti-apoptosis of 2D H-astrocytes
-----------------------------------------------------------------------------------------------

H~2~O~2~ was added during cell culture to develop *in vitro* oxidative models of astrocytes and neurons with excessive ROS. All assays were conducted according to the schedule as shown in [Fig. 3a](#f3){ref-type="fig"}. The viability of oxidized astrocytes by H~2~O~2~ treatment (H-astrocytes) decreased, but their proliferation was not changed, and the astrocytes then overcame these conditions by treatment with C-Pc ([Fig 3b,c](#f3){ref-type="fig"}). Viability did not decrease in response to C-Pc at 100 and 300 ng/ml on day 1, and increased following treatment with 100, 300 and 1000 ng/ml on day 2. Similarly, proliferation increased significantly on each day after treatment with C-Pc. Measurement of the rate of apoptosis by FACS revealed that H-astrocytes underwent little apoptosis at day 2 and 3 in response to 300 ng/ml of C-Pc. ([Fig. 3d,e](#f3){ref-type="fig"}). Especially, apoptosis was greatly reduced by about 35% and 43% in response to treatment with 100 and 300 ng/ml of C-Pc, respectively, for 2 days and H~2~O~2~ for 24 h.

Elucidation of the positive effect of C-Pc on anti-oxidative mechanism of 2D H-astrocytes
-----------------------------------------------------------------------------------------

ROS is modulated by the mechanisms with representative antioxidant enzymes such as superoxide dismutase (SOD) and catalase ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). As expected, ROS was elevated inside H-astrocytes ([Fig. 4a](#f4){ref-type="fig"}). C- and oxidized astrocytes which were pre-treated by C-Pc (C·H-astrocytes) alleviated their ROS, leaving the lowest level at 100 ng/ml C-Pc, where C-astrocytes and C·H-astrocytes showed 35.28% and 31.92% reductions in ROS, respectively. Representative enzymes in the antioxidant pathway were analyzed by ELISA and RT-qPCR to determine which participated in the removal of ROS. As results, catalase activity of C-astrocytes and C·H-astrocytes increased compared with those of N-astrocytes and H-astrocytes, respectively ([Fig. 4b](#f4){ref-type="fig"}). However, SOD activities of all groups of cells were not changed ([Fig. 4c](#f4){ref-type="fig"}). C-astrocytes showed mRNA levels of MnSOD, CuZnSOD and catalase 1.44, 1.56 and 1.61 times higher than N-astrocytes, respectively ([Fig. 4d](#f4){ref-type="fig"}). The mRNA levels of CuZnSOD and catalase in H-astrocytes were higher than in N-astrocytes but they were downregulated in C·H-astrocytes lower than C-astrocytes and H-astrocytes ([Fig. 4e](#f4){ref-type="fig"}).

Development of 3D H-astrocytes and Neuro2A tissue and confirmation of the positive effects of C-Pc on the anti-oxidative mechanism of astrocytes
------------------------------------------------------------------------------------------------------------------------------------------------

To provide *in vivo*-like tissue for the oxidized astrocyte model, PCL nanofiber was fabricated by electrospinning and used for cell culture, after which the samples were evaluated by MTT assay and RT-qPCR ([Fig. 5](#f5){ref-type="fig"}). As shown in [Supplementary Fig. 4](#S1){ref-type="supplementary-material"}, nanofiber was well fabricated for cell culture. N-astrocytes showed increased viability with time, indicating that all cells were well residing and doing their activities ([Fig. 5a](#f5){ref-type="fig"}). H-astrocytes showed decreased viability relative to N-astrocytes, implying they were influenced by H~2~O~2~ ([Fig. 5b](#f5){ref-type="fig"}). However, their pattern of viability increased with time, which is contrary to the gradual decrease of viability on the 2D plate. Looking over the mRNA expressions of antioxidative enzymes, 3D N-astrocytes showed higher levels of CuZnSOD and Catalase than 2D PCL N-astrocytes did, indicating that 3D nanofibrous topography enhanced the antioxidative defense system ([Fig. 5c](#f5){ref-type="fig"}). As shown in [Fig. 5d](#f5){ref-type="fig"}, C-astrocytes had upregulated expression of mRNA of MnSOD and ECSOD, while H-astrocytes showed upregulated MnSOD, CuZnSOD, and catalase mRNA. In general, both C-Pc and H~2~O~2~ tended to upregulate transcripts of antioxidative enzymes in both 2D and 3D culture, irrespective of the different pattern of each enzyme transcript between 2D and 3D. However, their effects were more sensitive in 3D culture. In addition C·H-astrocytes resulted in modulated mRNA levels of antioxidative enzymes below those of N-astrocytes, which is similar to the results observed for 2D culture astrocytes. For 3D cultured neurons, C-Pc also didn't give any cytotoxic effects to the cells, looking at the non-decreased MTT results ([Supplementary Fig. 1a](#S1){ref-type="supplementary-material"}). However, H~2~O~2~ caused a slight decrease in the viability of Neuro2A but C-Pc had the cells resist to the oxidative stress, resulting in the increase of viability ([Supplementary Fig. 1b](#S1){ref-type="supplementary-material"}). These results shows that C-Pc could help not only astrocytes but neurons resist to oxidative stress.

C-Pc effect on neurotrophic factors, inflammation, and glial scar of 3D H-astrocytes
------------------------------------------------------------------------------------

Neurotrophic factors, inflammation agents, and glial scar are the other cues through which astrocytes influence ischemic brain tissue. To investigate C-Pc effect on astrocytic neuroprotection through these cues, the corresponding mRNAs of astrocytes were analyzed. As results, C·H-astrocytes upregulated neurotrophic factors NGF and BDNF each 2.83 and 1.91 times those H-astrocytes, indicating C-Pc pre-treatment could contribute to recover the injury after ischemia and reperfusion ([Fig. 6a](#f6){ref-type="fig"}). Meanwhile, the expression of IL-6 and IL-1β in H-astrocytes were up-regulated 2.96 and 2.86 times those of N-astrocytes, however C-Pc pre-treatment put back those expressions to the same levels of N-astrocytes. These imply that C-Pc suppressed inflammation of H-astrocytes. For the issue of glial scar, H-astrocytes exhibited mRNA level of neurocan 2.93 times that of N-astrocytes, while no difference was detected in phosphacan. However, both of the two mRNAs were significantly down-regulated by C-Pc pre-treatment, which indicates that the formation of glial scar was suppressed by C-Pc pre-treatment ([Fig. 6c](#f6){ref-type="fig"}).

Discussion
==========

Several studies have already reported that C-Pc or *spirulina* extract reduces infarct when orally administered to the ischemia stroke animals[@b25][@b26]. In the present study, nasal administration of C-Pc exerted neuroprotective and repair effects on infarct brain. Nasal drug administration has recently received huge attention because it is less invasive than injection into veins and can pass the first hepatic elimination. Specifically, it can be directly administered regardless of the blood brain barrier (BBB) and is thus considered the optimum route for delivering drugs to the brain[@b27][@b28]. To date, the effects of intranasal administration of several drugs including EPO[@b29] and tissue plasminogen activator[@b30] have been demonstrated. The present study is the first to report efficacy of nasal delivery of C-Pc. Oxygen radicals make impair astrocytes, which exacerbates brain injuries such as infarct and malfunction of neuronal signals[@b31]. However, in order to develop a new drug, the safety of the candidate should be guaranteed essentially no matter how the efficacy such as antioxidative function appeared significant. The upregulated GFAP and vimentin indicates C-Pc activated astrocytes[@b32], and which is coincident with the increased viability and proliferation and neurotrophic factors of N-astrocytes without cytotoxicity. Moreover, C-Pc also didn't express adverse effect on neuronal viability. All these results and previous reports imply that C-Pc could be a safe candidate of drug to ischemia even though a thorough study must be still performed[@b25][@b33][@b34][@b35][@b36].

To understand how C-Pc protects ischemic brain from oxidative stress, we focused on the C-Pc mediated astrocytes' roles in neuroprotection and repair, because oxygen radicals make astrocytes impaired and which exacerbates brain injury such as infarct and malfunction of neuronal signals[@b31]. As seen in the 2D model of H-astrocytes, oxidant H~2~O~2~ decreased viability and proliferation and increased apoptosis ([Fig. 3](#f3){ref-type="fig"}), similarly to the results from previous studies[@b37]. However, C-Pc attenuated the deterioration in viability and proliferation of H-astrocytes ([Fig. 3b,c](#f3){ref-type="fig"}). Taken together, these results imply that C-Pc activated astrocytes to resist the harmful oxidative stress. Despite debates about the negative or positive effects of activated astrocytes in stroke[@b38], C-Pc mediated activation of astrocytes was certain to exert positive effects on neuroprotection of MCAO animals ([Fig. 1](#f1){ref-type="fig"}). Besides, astrocytes facilitate neuroprotection and repair by controlling antioxidation[@b39], neurotrophic factor[@b40], inflammation[@b41] and glial scarring[@b42]. In this study, we investigated how C-Pc help astrocytes protect and repair MCAO while focusing on transcript-level studies of pre-described mechanisms.

The increased ROS after H~2~O~2~ treatment ([Fig. 4a](#f4){ref-type="fig"}) must be implicated with the gradually reduced viability and proliferation of 2D cultured H-astrocytes ([Fig. 3b,c](#f3){ref-type="fig"}). In response to increase of intracellular ROS, cells activate anti-oxidative mechanism as a way to defend themselves[@b43]. Therefore as shown in [Fig. 4e](#f4){ref-type="fig"}, the expression of transcripts related to antioxdative enzymes in H-astrocytes more increased than N-astrocytes did. However, in spite of the defense mechanism, the activity of enzymes expected not to be continuously maintained as upregulated state since the viability was reduced but was not recovered. Indeed, the activity of SOD and catalase was not changed although only one point was measured after 24 h from H~2~O~2~ treatment ([Fig. 4b,c](#f4){ref-type="fig"}). It could be considered that the viability of C·H-astrocytes was higher than that of H-astrocytes because C-Pc penetrated into the astrocytes ([Fig. 2e](#f2){ref-type="fig"}) scavenged ROS, enhancing the defense system including antioxidative enzymes especially catalase activity. There was no need to upregulate mRNA of antioxidative enzymes in C·H-astrocytes since the already upregulated enzyme activity by C-Pc pre-treatment would be maintained in order to reduce the toxicity caused by H~2~O~2~.

Although the 2D results imply that C-Pc is attributed to astrocyte-mediated neuroprotection in ischemic brain, we attempted to confirm the results in 3D *in vivo*-like system. It's because 3D nanofibrous topography helps astrocytes to express their own specific properties rather than 2D culture does[@b22]. As seen in [Fig. 5d](#f5){ref-type="fig"}, the mRNA expression of antioxidative enzymes dramatically increased after treatment of H~2~O~2~. It means that the antioxidative mechanism in 3D astrocytes is more sensitive than those on 2D. This is why 3D astrocyte model was used to assess not only oxidative mechanism but also the neurotrophic factor, inflammation, and glial scar. The modulated mRNA levels of antioxidative enzymes in C·H-astrocytes was thought to be because the pre-treated C-Pc scavenged ROS or upregulated the enzyme activities at the first time but later didn't need to maintain mRNA level high when exposed to H~2~O~2~ ([Fig. 5d](#f5){ref-type="fig"}). Therefore, it can be concluded that C-Pc scavenges intracellular H~2~O~2~ and enhances the activity of antioxidative mechanism in both 2D and 3D system, but 3D astrocytes can be expected to validate the effectiveness of a drug candidate more explicitly because the cells reacted to oxidative environment more sensitively. Moreover, C-Pc did not show cytotoxicity to the neuronal cell line Neuro2A cultured in 3D scaffold ([Supplementary Fig. 1a](#S1){ref-type="supplementary-material"}) and also increased the viability under oxidative stress ([Supplementary Fig. 1b](#S1){ref-type="supplementary-material"}). These results show that C-Pc activate neurons as well as astrocytes to resist oxidative stress, leading to reduced infarct and improved behavior.

Besides to antioxidative mechanism, Additional effects of C-Pc on H-astrocytes were investigated based on 3D H-astrocyte, which is ascertained to be more sensitive to C-Pc. Astrocytes are important to the production and release of neurotrophic factors such as BDNF and NGF, which are well known to be neuroprotective and neurotrophic under neurodegenerative environments[@b44][@b45]. In particular, BDNF is known to exert neuroprotective effects such as anti-apoptosis, anti-inflammation, anti-neurotoxicity and neural regeneration. Therefore, C-Pc also lead astrocytes to upregulate BDNF and NGF to protect ischemic brain from oxidative stress ([Fig. 6a](#f6){ref-type="fig"}). Glial scar has been under debate about its positive or negative roles in brain injury. Nevertheless, at chronic phase, the glial scar is generally regarded to be a barrier against neurite outgrowth[@b46]. In this sense that C-astrocytes and C·H-astrocytes attenuated CSPG such as Neurocan and Phosphacan expression, C-Pc would be advantageous to nerve regeneration inhibiting glial scar formation. Inflammation should be also discussed to understand C-Pc effect on ischemia because it is involved highly in the post-events of ischemia-reperfusion injury[@b47]. As a result, transcripts of IL-6 and IL-1β were extremely up-regulated by treatment of H~2~O~2~ but, down-regulated when pre-treated with C-Pc ([Fig. 6b](#f6){ref-type="fig"}). According to the previous study, the infarct volume was reduced and behavior recovery was promoted compared to the control after proinflammatory factor IL-1 knockout[@b48]. Thus it could be considered that C-Pc in this study also regulate inflammation to influence reduction of infarct and behavior recovery.

In this study, we demonstrated the efficacy of intranasal administration of C-Pc into MCAO-rats and evaluated the effects of C-Pc on neuroprotective and repair mechanisms of H-astrocytes for the first time. Moreover, 3D astrocyte model was ascertained to be more sensitive to oxidation and thus was firstly used to assess molecular-level assessment of C-Pc effects. C-Pc was shown to enhance the viability, proliferation and activity of the H-astrocytes and the neuronal cell line, Neuro2A, treated with H~2~O~2~ without toxicity. As expected, some discrepancies between 2D and 3D were detected in transcript levels related to the antioxidative mechanism, but C-Pc was confirmed to strengthen the antioxidative mechanism of oxidized astrocytes. In addition, C-Pc led astrocytes to upregulate the transcript levels related to neurotrophic factors and to regulate inflammatory transcripts and the glial scar CSPG. In conclusion, C-Pc could be non-invasively administered (intranasally) to treat oxidative brain injuries, and was shown to strengthen local astrocytes around brain injury sites, improving resistance to the oxidative stress associated with injury.

Online Methods
==============

Ethical statement
-----------------

All animal studies were conducted in strict adherence with the Guide for the Care and Use of Laboratory Animals recommended by the National Institutes of Health and in compliance with the ARRIVE guidelines (<http://www.nc3rs.org/ARRIVE>). Animal protocols conformed to the INHA-IACUC (Inha University-Institutional Animal Care and Use Committee) with respect to ethics (Approval Number INHA 120410-137). All animal experiments were conducted on blinding.

Preparation of MCAO rat and C-Pc nasal administration
-----------------------------------------------------

Eight-week-old male Sprague-Dawley rats (OrientBio, Korea) were raised under diurnal lighting conditions and provided with food and tap water ad libitum. An animal model of the middle cerebral artery occlusion (MCAO) was generated as previously described[@b49]. Briefly, a nylon suture (4--0; AILEE, Busan, South Korea) was inserted into the right intimal carotid artery of Eight-week-old rats (250--300 g) to block MCA, after which a clip was used to occlude the common carotid for 1 h. Infarct was then induced in some parts of the right site during reperfusion. Next, intranasal administration of C-Pc (Sigma-Aldrich, USA) to the rat was performed using a pipette to inject the compound directly through the nose, after which it was transferred to the brain via the internal nasal mucosa.

Evaluation of infarct volume by TTC staining
--------------------------------------------

Brain slices were prepared by coronal sectioning with a depth of 2 mm, then stained with 1% 2, 3, 5-triphenyltetrazolium chloride (TTC) (Sigma-Aldrich, USA) at 37 °C for 15 min, after which they were fixed with 4% paraformaldehyde (Sigma-Aldrich, USA). Infarcted areas of the brain slices were analyzed using the Scion Image program (Scion Corporation, Frederick, MD, USA). To correct edema in the brain after ischemia, the analyzed infarct area was adjusted by multiplying the values of the areas of the contralateral hemisphere by the areas of the ipsilateral hemisphere. Total infarct volumes (in mm^3^) were analyzed by determining the sum of the size of each infarct containing tissue section.

Evaluation of mNSS (modified neurological deficit severity scores)
------------------------------------------------------------------

Neurological deficits were assessed using the modified the neurological severity score (mNSS) as previously described[@b50]. The mNSS system consists of balance, sensory, motor and reflex tests and results are classified on a scale of 0 to 18 (normal: 0, maximum deficit: 18).

Preparation and culture of primary astrocytes and neuronal cell line
--------------------------------------------------------------------

Primary astrocytes were isolated from the brain cortex of 1-day-old Sprague-Dawley rats (SAMTACO, Korea)[@b51]. Briefly, the brains were homogenized in PBS using a pasteur pipette after fully removing the meninges. The homogenized brain extracts were then passed through a cell strainer with a 70 μm pore size (BD Falcon, USA), after which mixed brain cells were obtained by centrifugation at 1000 rpm for 5 min. The supernatants were subsequently removed and the cell pellets were suspended in Dulbecco's modified eagle's medium (DMEM) (Gibco, USA) containing 10% fetal bovine serum (FBS) (Gibco, USA) and 1% Penicillin-Streptomycin (10,000 U/ml) (Gibco, USA). Next, the cell mixture was plated on a tissue culture plate (TCPS) (SPL Life Science, Korea) for 2D culture of astrocytes and incubated at 37 °C in a 5% CO~2~ incubator for 7 days. Finally, primary astrocytes were obtained by shaking the TCPS at 200 rpm for 48 h to remove the non-attached cells (microglia and oligodendrocytes). Conditioned and fresh medium at a ratio of 2:8 were used to exchange the media. To investigate the viability and proliferation of astrocytes, cells were seeded at a density of 5 × 10^3^ cells/well and cultured in 96-well plates containing 200 μl culture media. For the ROS assay, 1 × 10^4^ cells/well were seeded on 24-well plates with 1 ml culture media. For measurement of apoptosis, western blot analysis of GFAP and vimentin and RT-qPCR, 1.25 × 10^5^ cells/well cells were seeded on 25T plates with 5 ml culture media. To investigate the effects on astrocytes, samples were incubated with 0, 100, 300, 1000, or 3000 ng/ml C-Pc for 24, 48 or 72 h. To confirm whether C-Pc pretreatment exerted protective effects against oxidative stress on astrocytes, each C-astrocytes culture was further incubated with culture media containing 200 μM H~2~O~2~ under 5% CO~2~ at 37 °C for 1 day. Neuro2A cells (mouse neuroblastroma cell line) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Neuro2A was cultured with DMEM containing 10% FBS and 1% penicillin-streptomycin at 37 °C in 5% CO~2~ incubator. Neuro2A was seeded in 24-well culture plates at a density of 1 × 10^4^ cells/well and after that the media was changed to DMEM with 2% FBS, 1% PS and 20 μM retinoic acid for 5--7 days to induce differentiation. To investigate the effects of C-Pc on the differentiated Neuro2A, samples were pretreated with 100, 300 and 1000 ng/ml C-Pc for 24, 48, or 72 h before treatment with 200 μM H~2~O~2~ for 24 h.

Fabrication of 3D PCL nanofibrous mat
-------------------------------------

A polycaprolactone (PCL) (Mn 80,000) (Sigma-Aldrich, USA) 3D nanofibrous mat and 2D PCL were fabricated as previously described[@b22]. Briefly, PCL 15 wt% was dissolved in a mixture of tetrahydrofuran (THF, Daejung, Korea) and *N.N*-Dimethylformamide (DMF, Daejung, Korea) at a ratio of 7:3. The PCL solution was then loaded into a syringe fixed with an 18 gauge needle and ejected at a flow rate of 1 ml/h under a 15 kV electrical field. The distance between the collector and needle tip was 15 cm. PCL solution was subsequently electrospun to oxygen plasma treated 1.9 cm^2^ glasses fixed on the collector. For 2D PCL, the nanofiber was incubated at 60 °C for 20 min. The PCL 3D nanofibrous mat fabricated on the glass was sterilized with 70% EtOH for 3 h, then washed with distilled water three times for 5 minutes and put in the 24 well plate. Finally, the nanofibrous mat was soaked in serum free medium overnight before seeding astrocytes.

Evaluation of cell viability by MTT assay
-----------------------------------------

An MTT assay was conducted to confirm the viability of C-astrocytes. Briefly, astrocytes were incubated in MTT solution diluted ten times in media (200 μl for 96 well plates and 500 μl for 24 well plates). The samples were subsequently treated with dimethyl sulfoxide (DMSO) (200 ml of and shaken 1 ml) at 100 rpm for 1 h to dissolve the purple formazan product inside the cells. Finally, the absorbance was measured at 540 nm using a Sunrise ELISA reader (Tecan, Austria).

Evaluation of cell proliferation by BrdU assay
----------------------------------------------

To evaluate cell proliferation, BrdU assays were conducted using kits according to the manufacturer's protocols (Roche Applied Science, Indianapolis, IN, USA). Briefly, 10 μl/well of BrdU labeling solution was added to the cells, after which they were incubated at 37 °C in a 5% CO~2~ incubator for 2 h. The labeling medium was then replaced with 200 μl FixDenat solution, after which the samples were incubated for 30 min at room temperature. The FixDenat solution was then replaced with 100 μl/well of anti-BrdU-POD working solution and the samples were incubated for 90 min at room temperature. The samples were subsequently rinsed three times with 200 μl/well of PBS and reacted with 100 μl/well of substrate solution for 30 min at room temperature, after which 25 μl/well 0.1 M sulfuric acid was added to the sample and shaken at 300 rpm for 1 min to stop the reaction. To confirm the reaction, the absorbance of the sample at 450 nm was measured in an ELISA reader.

Colocalization of fluorophores
------------------------------

To determine if pretreated C-Pc exists inside cells and protects H-astrocytes, samples were treated with C-Pc at 100 ng/ml and observed by confocal microscopy (LSM 510 META, Germany). Briefly, the culture media was removed from the plates and was washed gently with PBS, after which C-astrocytes were fixed with 4% paraformaldehyde for 20 min. After washing with PBS again, cells were treated with 4′-6-diamidino-2-phenylindole (DAPI) solution that made the cell nuclei visible at an excitation wavelength of 460 nm. Finally, the cytoskeleton cell morphology was viewed under a bright field microscope (Micros, Austria) and the autofluorescent C-Pc was observed at an excitation of 620 nm and emission of 650 nm.

Analysis of cell apoptosis by annexin-V and PI staining assay (FACS)
--------------------------------------------------------------------

Flow cytometry was conducted using a FACS Calibur cytometer (BD Biosciences, San Jose, CA, USA) for apoptosis analysis. Briefly, prepared cells were harvested after incubation with trypsin-EDTA (Gibco, USA) for 3 min by centrifugation at 1000 *g* for 5 min. Cells were then washed with PBS, after which they were stained for 15 min using 10% annexin V (BD pharmingen, USA) and 10% propidium iodide (PI) (Sigma-Aldrich, USA) in annexin V binding buffer (BD Biosciences, USA).

Determination of ROS formation
------------------------------

Reactive oxygen species (ROS) were measured using the fluorescent reagent, CM-H~2~DCFDA (Invitrogen, Carlsbad, CA, USA), which is hydrolyzed into DCF-H and then converted into a fluorescent DCF via reaction with ROS. Briefly, the fluorescent reagent was recast to DMSO and diluted in PBS before samples containing CM-H~2~DCFDA at a final concentration of 10 μM were incubated at 37 °C in a 5% CO~2~ incubator for 15 min. Illuminated ROS were then observed by fluorescent microscope after reagent solution was replaced with PBS. To quantify the fluorescence rate, some cells were treated with fluorescent reagent and then analyzed by BCA protein assay (Sigma Aldrich, USA) to equalize the total protein levels of each sample. The cells were treated with RIPA buffer to cell induce lysis and incubated at 4 °C for 30 min. Finally, the sample was observed using a fluorescent reader at an excitation of 492 nm and an emission of 527 nm.

Measurement of activities of antioxidative enzymes
--------------------------------------------------

SOD and Catalase activities were measured by each corresponding assay kit (SOD, ab65354; Catalase, ab83464) (Abcam, USA) according to the manufacturer's recommendations. Briefly, the counted cells (2 × 10^6^) were lysed using cold lysis buffers according to each enzyme, and then incubated in order to complete the enzyme reaction. The absorbance was measured at 570 nm for catalase and at 450 nm for SOD using a microplate reader. (Tecan, Austria).

Western blot analysis of GFAP and vimentin as specific markers for astrocytes
-----------------------------------------------------------------------------

Samples were treated with trypsin-EDTA and lysed with RIPA lysis buffer to obtain protein, which was then quantified using a Pierce BCA Protein assay kit (Thermo Scientific, USA). Next, the proteins were electrophoresed in 12% acrylamide gel, transferred to a methanol-activated PVDF membrane and blocked with 5% skim milk in TBS at 4 °C overnight. Subsequently, primary rabbit anti-GFAP (polyclonal IgG antibodies, ab7260, Abcam) and rabbit anti-vimentin (polyclonal IgG antibodies, sc-5565, Santa Cruz) were mixed with 5% skim milk in TBS at a ratio of 1:50,000 (GFAP) and 1:500 (vimentin), respectively, then incubated at room temperature for 2 h. The membranes were subsequently washed two times with TBST for 5 min and 10 min, respectively. Next, secondary antibodies for both proteins, goat anti-(rabbit) IgG-HRP conjugated antibodies, were diluted in the 5% skim milk in TBS at a ratio of 1:5,000 (sc-2004, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and applied at room temperature for 1 h. Finally, samples were reacted with ECL solution (RPN2232, GE Healthcare, UK) for 5 min, after which the bands were developed on film (Biomax Light Film, Kodak, USA).

RT-qPCR for analysis of the expression of mRNA transcripts
----------------------------------------------------------

mRNA transcripts were analyzed using an RNeasy Plus Mini Kit (Qiagen, Germany) to extract total RNA from astrocytes according to the manufacturer's instructions. The remaining DNA was eliminated by incubation of the total RNA with Recombinant DNase (TAKARA, Japan) at 37 °C for 1 h. The cleaned RNA was then subjected to cDNA synthesis using an RNA QuantiFast Reverse Transcription Kit (Qiagen, Germany). Additionally, a QuantiFast SYBR Green PCR Kit (Qiagen, Germany) was used for real-time PCR assays, which were conducted on a Rotor-Gene Q PCR machine (Qiagen, Germany). Real-time PCR conditions consisted of initial denaturation at 95 °C for 5 min followed by 40 cycles of 95 °C for 10 sec and 60 °C for 30 sec.

Statistical analysis
--------------------

All experiments were performed three times independently, and the average and standard deviation were determined by Sigma Plot^TM^. Groups were compared using a student's t-test, and a p-value \< 0.05 and 0.01 was considered to indicate significance.
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![Neuroprotective effects of C-Pc in postischemic brain.\
(**a,b**) MCAO model was prepared and C-Pc was administered intranasally according to the presented schedules. TTC staining and neurological deficits (mNSS) evaluations were conducted 48 h post-MCAO. (**c**--**e**) C-Pc (67, 134, or 335 μg/kg) was administered intranasally at 1 h post-MCAO (n = 6--7). (**f-h**) C-Pc (134 μg/kg) was administered intranasally at 3 h prior to or 1, 3, 6 or 9 h post-MCAO (n = 5--7). (**c,f**) Representative images of infarctions in coronal brain sections are presented and (**d,g**) mean infarction volumes were assessed by TTC staining. (**e,h**) Neurological deficits were evaluated using modified neurological severity scores. Data are presented as the means ± SEMs. The asterisk denotes significant difference against MCAO sample at each concentration and time.\*p \< 0.05 and \*\*p \< 0.01](srep14418-f1){#f1}

![No cytotoxicity and functional improvement of C-astrocytes.\
(**a**) Astrocytes isolation and treatment of C-Pc were implemented according to the schedule. (**b**) Viability and (**c**) proliferation of astrocytes were assessed by MTT and BrdU assay, respectively. The concentrations of the treated C-Pc were 0, 100, 300, 1000 and 3000 ng/ml and the treatment times of C-Pc were 1, 2 and 3 days. (**d**) The quantities of GFAP and vimentin were investigated by western blot analysis at day 3 on the schedule. The full-length blots were presented in the [supplementary information](#S1){ref-type="supplementary-material"}. (**e**) Identification of C-Pc remaining on the surface or inside the astrocytes by confocal fluorescence microscopy (800×) N-astrocytes and C-astrocytes (100 ng/ml C-Pc for 2 days). Data are presented as the means ± SEMs. The asterisk denotes significant difference against day 1 sample at each concentration. \*p \< 0.05 and \*\*p \< 0.01](srep14418-f2){#f2}

![Effects of C-Pc on H-astrocytes for 24 h.\
(**a**) Astrocytes isolation and treatment of C-Pc and H~2~O~2~ were implemented according to the schedule. (**b**) Viability and (**c**) proliferation of astrocytes were assessed by MTT and BrdU assay, respectively. The C-Pc concentrations were 0, 100, 300, 1000, and 3000 ng/ml and the treatment times were 1, 2, and 3 day. The apoptosis rate (%) of H-astrocytes and C·H-astrocytes (300 ng/ml of C-Pc) was determined by Annexin-V and PI staining and flow cytometry at (**d**) day 2 and (**e**) day 3. Data are presented as the means ± SEMs. The asterisk denotes significant difference against day 1 sample at each concentration. \*p \< 0.05 and \*\*p \< 0.01](srep14418-f3){#f3}

![C-Pc increased anti-oxidative function via mRNA expression and activity in astrocytes under oxidative stress.\
(**a**) Intracellular ROS in the astrocytes treated with C-Pc for 3 days was detected by DCF-DA fluorescence levels after exposure to H~2~O~2~ for 24 h. Enzyme activities of (**b**) catalase and (**c**) total SOD were analyzed using an assay kit as described in the Online methods. (**d,e**) mRNA expression levels of MnSOD, CuZnSOD, ECSOD and catalase were evaluated by RT-qPCR. Data are presented as the means ± SEMs. The asterisk denotes significant difference against N-astrocytes sample. \*p \< 0.05 and \*\*p \< 0.01](srep14418-f4){#f4}

![Development of *in vitro* 3D oxidative astrocytes model and confirmation of the positive effect of C-Pc on astrocytes.\
MTT assay was implemented for (**a**) N-astrocytes and (**b**) H-astrocytes. mRNA expression of antioxidative enzymes such as MnSOD, CuZnSOD, ECSOD and catalase on (**c**) N-astrocytes cultured on 2D PCL film and 3D PCL nanofiber and (**d**) N-astrocytes, H-astrocytes and C·H-astrocytes cultured on 3D PCL nanofiber was measured by RT-qPCR. Data are presented as the means ± SEMs. The asterisk denotes significant difference against (**a,b**) day 1 and (**d**) N-astrocytes samples at each concentration. \*p \< 0.05 and \*\*p \< 0.01](srep14418-f5){#f5}

![C-Pc effect on mRNA of neurotrophic factors, inflammatory factors, and glia scar of 3D H-astrocytes.\
The mRNA expressions of (**a**) neurotrophic factors such as BDNF and NGF, (**b**) pro-inflammatory factors such as TNF-α, IL-6 and IL-1β, and (**c**) CSPG such as Neurocan and Phosphacan were presented. Data are presented as the means ± SEMs. The asterisk denotes significant difference against N-astrocytes sample. \*p \< 0.05 and \*\*p \< 0.01](srep14418-f6){#f6}
